Background Motilin, an endogenous gastrointestinal (GI) hormone, increases upper gastrointestinal tract motility and is associated with phase III of the gastric migrating motor complex. The motilin receptor agonist, atilmotin, at doses of 6, 30 or 60 lg intravenously (IV), increases the early phase of gastric emptying. Prior studies at higher doses of 100-450 lg IV demonstrated that some subjects developed noncardiac chest pain. Aims The aim of this study is to determine the effects of atilmotin on esophageal, lower esophageal sphincter (LES), and gastric contractility and the development of esophageal-related symptoms. Methods Ten healthy volunteers underwent esophageal manometry to study the effects of atilmotin on upper GI motility. Five subjects were studied on three separate days following administration of saline placebo and subsequent IV bolus dose of atilmotin (6, 30 or 150 lg). Another five subjects were studied at the highest dose (150 lg). Results Atilmotin at 150 lg increased proximal gastric pressure by 6.5 mmHg (P = 0.001 compared with placebo). Atilmotin increased LES pressure at all studied doses; LES pressure increased from 24 ± 2 mmHg following placebo injection to 34 ± 4 mmHg following a 30 lg dose of atilmotin (P = 0.007). In the esophagus, atilmotin increased the percentage of failed swallows at the highest dose studied. Failed swallows increased from 17 ± 7% following placebo injection to 36 ± 7% following a 150 lg dose of atilmotin (P = 0.016). Atilmotin decreased distal esophageal contractile amplitude only at the highest dose studied, from 69 ± 8 mmHg (placebo) to 50 ± 5 mmHg following 150 lg atilmotin (P = 0.018). There were no serious adverse effects or episodes of chest pain with atilmotin. Conclusions Atilmotin affects esophageal, LES, and gastric motility. LES and gastric pressures were increased, whereas there was disruption of esophageal peristalsis characterized by lower amplitude and failed contractions.
Introduction
Motilin is an endogenous gastrointestinal (GI) hormone that increases upper GI tract motility. Motilin is secreted by mucosal endocrine cells of the GI tract in a periodic fashion during the interdigestive period approximately every 90 min and is associated with the initiation of phase III contractions of the migrating motor complex (MMC) [1] . This phase III MMC starts in the stomach and propagates distally in the GI tract; its function is to move undigested intraluminal contents from the stomach distally. Thus, motilin is considered an endogenous prokinetic hormone. Administration of exogenous motilin induces a phase III migrating motor complex in the stomach [1] .
Atilmotin, [N ? -a-(CH 3 ) 3 Phe 1 ,D-Arg 12 ,Leu 13 ,Lys 14 ] motilin1-14 amide, is a synthetic peptide analog of motilin that is under development for disorders of gastrointestinal motility, particularly postoperative ileus. Preclinical pharmacological evaluation of atilmotin has shown it is a potent agonist at motilin receptors in vitro and in vivo [2] . Unlike other motilin agonists, including erythromycin-like agents, atilmotin is short acting, with t 1/2 less than 10 min. Atilmotin, at doses of 6, 30 or 60 lg intravenously, has been shown to increase gastric emptying within the first 30 min after administration [3] . Thus, atilmotin might have clinical utility for GI motility disorders.
Chest or throat tightness or discomfort have been seen in some patients at higher doses in fasting subjects and have shown no evidence of cardiac origin by cardiac enzymes, Holter monitoring or electrocardiogram (ECG) and had been assessed by investigators as noncardiac. In an early safety study, atilmotin produced abdominal pain and/or chest discomfort at high doses of 150, 300, and 450 lg [4] . A subsequent safety study showed that atilmotin at doses of 50, 100, and 150 lg was associated with chest discomfort [4] . Since there were no electrocardiographic changes or rhythm changes with any instances of chest pain, it was felt that the chest pain was noncardiac, and this adverse effect was postulated to be related to esophageal spasm or to an increase in esophageal and/or LES pressure. Indeed, early studies had shown that administration of exogenous motilin in humans increases lower esophageal sphincter (LES) pressure [5] .
The purpose of this study was to explore an esophageal etiology of the chest pain and throat tightness reported in the early safety studies when atilmotin was given at high doses, well above those considered likely to be required for therapeutic effect. The specific aim of this study was to determine the dose-related effects of atilmotin on esophageal, LES, and gastric contractility. The hypothesis was that atilmotin increases esophageal and LES pressure in humans.
Methods

Overall Study Design
This was a single-center, two-part, single-blind, placebocontrolled, dose-escalation study evaluating the effects of three intravenous bolus doses of atilmotin and placebo on esophageal, LES, and gastric pressures and on the development of any esophageal-related symptoms, such as chest pain.
Subjects
Ten normal, healthy volunteers participated in this study. Male and female volunteers aged 18-45 years were studied. History, physical examination, blood work up (complete blood count, complete metabolic panel, thyroid function tests), and electrocardiogram were performed at baseline to ensure that the subjects were normal.
Study Protocol
Initially, five healthy volunteers were studied with esophageal manometry on three separate days at escalating doses of atilmotin (6, 30 , and 150 lg IV bolus administration, as 30 lg/mL solution, followed by 10 mL saline flush, over 1 min). Swallowing function in each subject was studied with 5 ml water boluses every 30 s: 10 baseline swallows, 30 swallows over 15 min after IV saline (placebo), and 30 swallows over 15 min after IV atilmotin. The initial infusion to obtain the baseline response was saline (placebo) and the second infusion was either placebo or atilmotin. In this single-blind study, the subjects were blinded to what they were receiving; however, the investigator and coordinator were not blinded at the time of infusion. Following the dose-escalation phase of the study, during which no dose-limiting adverse event was noted, an additional five subjects were studied at only the highest dose of 150 lg.
Esophageal manometry was performed using a manometry catheter with 36 solid-state circumferential pressure sensors spaced 1 cm apart (Sierra Scientific Instruments, Inc.; Los Angeles, CA) and ManoScan equipment and software (Sierra Scientific Instruments). Cetacaine spray was used to anesthetize the oropharynx. The catheter was inserted by nasal intubation into the stomach and placed to span the pharynx, esophagus, LES, and proximal stomach. After proper placement of the catheter, the catheter was taped at the nares so that it would not move.
During the esophageal manometry study, pulse and blood pressure were monitored and ECG was recorded at baseline, and after each study drug administration. Symptoms were monitored throughout the esophageal manometry.
Analysis
Pressures were measured relative to atmospheric pressure using Sierra ManoScan equipment and software (Sierra Scientific Instruments, Inc.) as previously reported [6] [7] [8] . The important variables analyzed were: (1) proximal gastric pressure, (2) resting LES pressure, (3) nadir LES pressure measured after a swallow, (4) distal esophageal contraction amplitude with swallowing, and (5) esophageal peristaltic velocity.
LES pressure was measured as end-expiratory pressure relative to atmospheric pressure. For each esophageal contraction, the amplitude at each level and the velocity of Dig Dis Sci (2010) 55:300-306 301 peristalsis were calculated. An esophageal contraction was considered peristaltic if the onset of the pressure wave at adjacent ports was progressive in an aborad direction. The amplitude of esophageal contractions was measured from the esophageal baseline pressure to the peak contraction pressure. Simultaneous contractions were defined as contractions that occurred simultaneously at different levels of the esophagus. Repetitive contractions were defined as the presence of at least three peaks larger than 10 mmHg with peaks separated by at least 1 s. Spontaneous contractions were defined as contractions [30 mmHg not generated by a swallow. Failed swallows were defined as swallows that were not followed by a normal-amplitude esophageal peristaltic wave. Proximal gastric pressure was taken as the average of the proximal gastric pressure after the swallow over a 30-s period.
Results are expressed as mean ± standard error of the mean (SEM). The hypothesis tested was that atilmotin increases esophageal and LES pressures in humans. Primary comparisons were the differences in the key variables between placebo and atilmotin treatment at specific group using analysis of variance (ANOVA) followed by Student's t test with Bonferroni correction. P values of \ 0.05 were considered statistically significant.
Results
General
Atilmotin affected gastric, LES, and esophageal pressures. Figure 1 depicts the changes seen manometrically (Fig. 1) . The effects of atilmotin were dependent on dose and the time after administration. Figure 2 shows the temporal changes in LES pressure after intravenous administration of atilmotin. The following data and those reported in Fig. 1 Esophageal manometry tracings illustrating the effect of atilmotin: a after placebo (saline infusion) and b after atilmotin. In each figure, the top tracing is the high-resolution contour mapping and the bottom tracing is the conventional esophageal manometry tracing. In the highresolution contour mapping, the catheter traverses the entire esophagus from the upper esophageal sphincter at top to the lower esophageal sphincter at the bottom. The amplitude scale is shown at the left. Esophageal peristalsis after swallowing is indicated by the contour peak traversing down and to the right. a Normal subject after saline injection, b normal subject after atilmotin IV Table 1 were measured for the first five swallows after IV administration of either placebo or atilmotin.
Gastric Pressure
Atilmotin at a dose of 150 lg significantly increased proximal gastric pressure. At this dose of 150 lg, proximal gastric pressure increased by 6.5 mmHg from 2.0 ± 0.7 mmHg for placebo to 8.5 ± 0.7 mmHg for atilmotin (P = 0.0006) ( Table 1) . Increase in gastric pressure was also noted at doses of 6 and 30 lg, but did not reach statistical significance.
LES Pressure
Atilmotin increased resting LES pressure at all doses, most prominently at 30 lg from 24.4 ± 1.8 mmHg for placebo to 34.2 ± 3.6 mmHg for atilmotin (P = 0.007). In three patients LES pressure increased to above the normal range of 8-40 mmHg: none of five in the 6 lg atilmotin group, one of five of the 30 lg atilmotin group, and two of ten in the 150 lg atilmotin group. Atilmotin did not significantly change residual LES pressure after swallowing.
Esophageal Pressure and Swallowing
Atilmotin at the dose of 150 lg increased the percentage of failed swallows (16.6 ± 7.0% with placebo to 36.0 ± 6.8%; P = 0.016), whereas no effect on the percentage of failed swallows was seen at doses of 6 or 30 lg. At 5 cm above the LES, atilmotin decreased the amplitude of distal esophageal peristaltic waves, significantly after the highest dose, 150 lg (69.4 ± 8.3 mmHg for placebo and 49.6 ± 5.2 mmHg for atilmotin; P = 0.018). The velocity of esophageal peristaltic pressure waves decreased after (Table 1) , but this effect did not reach statistical significance compared with placebo.
Adverse Events
There were no serious adverse effects or episodes of chest pain with any dose of atilmotin or placebo. One episode of abdominal discomfort occurred at the highest dose of atilmotin.
Discussion
This study demonstrates that atilmotin, a motilin receptor agonist, affects esophageal, LES, and proximal gastric motility in normal subjects. At the highest dose tested in this study, atilmotin caused an increase in LES and gastric pressures, and there was a disruption of esophageal contractions characterized by low-amplitude contractions, and at times failed contractions. The peak effect of atilmotin on all measured parameters was within the first several minutes after IV administration, consistent with its known short half-life when injected intravenously [4] . The study design for this study using intravenous injection of atilmotin was based on prior phase I studies using similar methodology [3, 4] . Acute changes in esophageal manometric pressures were measured in response to intravenous administration of atilmotin. Other studies using intravenous 13-Nle-motilin showed that peak values of LES pressure were achieved within 1-2 min, followed by a steady decrease in LES pressure [5] . Similar temporal changes in LES and gastric pressure were seen with intravenous atilmotin (Fig. 2) . Because of the short duration of these effects of bolus IV administration of atilmotin, data analysis for this study was performed on the first five swallows measured following administration of atilmotin or placebo.
Atilmotin was shown to increase proximal gastric pressure. The increase in gastric pressure was seen most prominently, and reached statistical significance, with the highest dose of motilin studied (150 lg by intravenous bolus injection). The manometry catheter did not span into Shown is the LES pressure in mmHg (y axis) and the swallow number after 6 lg atilmotin intravenously (squares) and after saline injection (diamonds). There was an increase in LES pressure seen after the first five swallows after atilmotin infusion; thereafter there were similar values to placebo. Shown are the mean values of LES pressure relative to gastric pressure for five subjects Results are expressed as mean ± SEM relative to atmospheric pressure. Data were measured for the first five swallows after IV administration of either placebo or atilmotin the distal stomach to determine whether antral contractility was affected. Other studies have shown that motilin and atilmotin can increase antral contractility and are associated with the phase III portion of the gastric MMC [2] . An increase in gastric pressure might lead to accelerated gastric emptying-an effect which was shown in another study [3] . Park et al. reported that atilmotin at doses of 6, 30, and 60 lg intravenously, 2 min after consumption of a standardized radiolabeled meal, accelerated gastric emptying of liquids (as measured by percentage emptied at 30 min) at all atilmotin doses and of solids for the 30 and 60 lg doses only when compared with placebo. The halflife of gastric emptying of liquids was significantly shorter for all atilmotin doses when compared with placebo; the half-life of gastric emptying for solids only showed a trend for the 6 and 30 lg doses. This increase in proximal gastric pressure and gastric emptying with atilmotin suggests a possible indication for gastroparesis. However, the effect of atilmotin on gastric emptying was short lived. Other motilin receptor agonists such as erythromycin, ABT-229, and GM-611 (mitemcinal) cause significant acceleration of gastric emptying [9] [10] [11] .
An increase in resting LES pressure following atilmotin administration was seen in this study. An increase in LES pressure with motilin was reported nearly two decades ago by Lux et al. [5] following administration of intravenous 13-Nle-motilin. That increase in LES pressure occurred acutely (within 1-2 min); a similar result was seen in the present study. Other studies have shown that the increase in LES pressure due to motilin receptor agonists is cholinergically mediated [12, 13] .
Atilmotin was associated with a disruption of esophageal contractions, with decreased amplitude of contractions and increased number of failed or disrupted esophageal contractions (compared with placebo) at the highest dose. There were decreases in the number of failed contractions at the lower doses, although these were not statistically significant. Other studies of the effect of motilin receptor agonists on esophageal function have yielded differing results [14] [15] [16] [17] [18] . In normal subjects and in patients with gastroesophageal reflux disease, erythromycin increases LES pressure and esophageal contraction amplitude [14] [15] [16] . However, ABT-229, a motilin receptor agonist, had little effect [17, 18] .
In this study, there were no significant side-effects after administration of atilmotin. One subject developed transient abdominal pain. Importantly, there were no instances of chest pain seen in this study with atilmotin. Chest pain was noted in an earlier phase I study with atilmotin, but the lack of any concomitant change in ECG on Holter monitoring suggested a noncardiac origin (possibly esophageal or upper gastric spasm). The failure to reproduce this chest pain effect in the current study leaves the question of the etiology of such discomfort unresolved. Atilmotin caused a disruption of esophageal peristalsis with low amplitude, and at times failed contractions. Thus, it did not cause esophageal spasm. It should be noted that the prior instances of chest pain in the early safety studies occurred at doses higher than those required for atilmotin's prokinetic effect in the study by Park et al., which demonstrated significant acceleration of early gastric emptying at a dose of 6 lg or greater [3] .
In conclusion, this study demonstrates that the motilin receptor agonist, atilmotin, given by IV bolus administration, affects esophageal, LES, and gastric motility. LES and gastric pressures were increased and, at the highest dose studied (150 lg), there was a disruption of esophageal peristaltic pressure waves characterized by low amplitude and, at times, failed contractions. None of these effects was accompanied by the chest pain observed in previous studies, leaving the primary question of etiology of this effect unresolved. The increase in LES pressure occurred with a concomitant increase in proximal gastric pressure. Whether atilmotin might be useful to treat disorders of upper GI motility needs further study.
